Abstract-In modern information and communication technologies, manipulating focal length has been hot topic. Considering that the conductivity of graphene layer can effectively be tuned by purposely designing the thickness of the dielectric spacer underneath the graphene layer, a graphene-based lens with tunable focal length is proposed in this paper, and it can be used to collimate waves. The fabrication of the proposed graphene-based lens is purposed, and the performance of the lens is verified with finite-element method. The simulation results demonstrate that the graphene-based lens has excellent tunability andconfinement. At the same time, the lens exhibits low loss in certain rang and large frequency bandwidth.
INTRODUCTION
Emerging within the last decades, because of the ability to overcome the diffraction limit of light in microchip-sized devices, surface plasmon polaritons (SPPs) have attracted great and renewed interest [1] [2] [3] . Subsequently, it has aroused great interest in exploring various plasmonic devices [4] [5] [6] [7] [8] [9] [10] . In previous works, plasmonic devices are generally made of conventional noble metals. However, most plasmonic devices based on conventional noble metals, such as silver and gold, have enormous loss and cannot be tuned [11, 12] , hence limit the propagation length of SPP wave and the tunability of the metallic plasmonic devices.
Since monolayer graphene was found, it has attracted special attention in optical field [13] [14] [15] . Compared with conventional noble metals, graphene possesses unprecedented advantages, including flexible tunability [12, 16, 17] , extremely tight confinement [18] , and low losses at THz and mid-infrared region [19, 20] . With these striking electrical and optical properties, graphene has been regarded as a novel plasmonic material.
The effective mode index for the SPP wave along the graphene layer can reach 100, with effective wavelength much smaller than that in free space. As a result, the plasmon polariton wave can be tightly confined to the graphene layer, and the damping loss of the plasmon polariton is relatively low. With these advantages, graphene has been proved to be a suitable alternative material to conventional noble metals.
The ability to manipulate the focal length is at the heart of modern information and communication technologies. In recent years, many plasmonic devices based on noble metals have been proposed theoretically and demonstrated experimentally [21] [22] [23] . It is proved that the propagation of SPP wave can be flexibly controlled by carefully tuning the dielectric material properties adjacent to a metal through transformation optics method. Different from the above metal-based plasmonic devices, a graphene-based lens with tunable focal length by designing the thickness of dielectric spacer beneath the graphene layer is proposed in this paper. In addition, the dispersion of the proposed lens is investigated. Finally, the simulation results with different frequencies are presented to demonstrate the broadband design concept. The method of designing the graphene lens in this paper will pave the way to effectively change the focal length of lens at nanoscale.
THEORETICAL ANALYSIS
The complex conductivity (σ g = σ g,r + iσ g,i ) of graphene is determined by Kubo formula [24] :
where ω is the radian frequency, μ c the chemical potential, Γ the phenomenological scattering rate, T the temperature, f d (ξ) = (e (ξ−μc)/k B T + 1) −1 the Fermi-Dirac distribution, e the electron charge, = h/2π the reduced Planck's constant, ξ the energy, and k B the Boltzmann's constant [25, 26] . The imaginary part of graphene conductivity can be negative or positive values in different ranges of frequency via external tunability. When σ g,i > 0, a graphene layer is capable of supporting a transverse-magnetic (TM) SPP wave, which behaves as a very thin metal layer, and when σ g,i < 0, a weak transverse-electric (TE) SPP wave might be present [24, 27, 28] .
Here, it is considered that a graphene layer is located between two different dielectrics characterized by relative permittivities ε 0 and ε d , respectively. According to Dyadic Green's function, the dispersion relation of TM SPP surface wave can be expressed as [29] :
where k P is the wave number of the guided TM SPP wave and k 0 the wave number of excitation light in free space expressed as ω/c. For an isolated graphene layer, there is ε 0 = ε d = 1. Eq. (2) can be simplified as [24, 27] :
where η 0 ≈ 377 Ω denotes the intrinsic impedance of free space.
For an isolate graphene sheet, the chemical potential is determined by the carrier density [24] :
here V f is the Fermi velocity and n s the sheet doping of graphene. In the analysis, μ c = V f √ πn s and V f = 10 6 m/s [30] .
The most important advantage of graphene is the tunability of conductivity. The carrier density can be tuned by changing the thickness of the dielectric spacer underneath the graphene layer, which influences the dispersion and intraband losses of graphene. Therefore, surface carrier density n s can also be depicted as [13] :
where h is the thickness of the spacer and V g the gate voltage. Thus, according to Eqs. (4) and (5), the relationship between the thickness of the spacer and the focal length can be obtained.
DESIGN A GRAPHENE-BASED LENS WITH TUNABLE FOCAL LENGTH
The graphene-based lens can be fabricated into circular symmetry, and it is a type of aberration-free lens. The lens focus can be changed inside the circle, and it has high efficiency and accuracy in controlling the focal length. The corresponding new refractive index profile of the graphene-based lens is given as [31] :
where r is the distance away from the center of the lens, d the focal length, R the radius of the designed graphene lens, and n 0 the refractive index of the background graphene on which the lens is designed. It is pertinent that the index of refraction in the designed lens is n 0 at r = R, and the lens is, therefore, matched to the surrounding circumstances. The relationships between the refractive index and the parameter r are presented in Fig. 1 , when d is set at different values. According to Eq. (1), when the working frequency is set at f = 50 THz, temperature is T = 300 K, and the phenomenological scattering rate is Γ = 0.43 meV. The relationship curve between graphene's complex conductivity and chemical potential is given in Fig. 2 . From Fig. 2 , it can be found that when the chemical potential is in the range μ c > 0.175 eV, the real part of conductivity is nearly zero (i.e., the loss of graphene is nearly zero). However, when the chemical potential is out of that range, the real part of conductivity is very large, which implies that the device is lossy. When the real part is much smaller than its imaginary part, the dispersion relationship can be approximately written as [32] :
where σ g,i is the imaginary part of graphene conductivity. To analog the same spatial variation, the effective mode index of the SPP wave should vary spatially according to Eq. (6):
From Eq. (6), it can be known that the lens designed in this paper is a graded-index lens, and the thickness of the spacer is a function of the radial coordinate. The gradual variation of the refractive index can be modeled as a gradual variation of the graphene conductivity by changing the thickness of the spacer. With Eqs. (5) (7) and (8), the relationship of the thickness of the spacer h and r can be obtained, if d is fixed.
The schematic diagram of the proposed lens is shown in Fig. 3 . The graphene-based lens consists of a graphene layer with chemical potential μ c , which is separated from a silicon (Si) substrate by a dielectric spacer. It can be seen that the thickness of the spacer h changes gradually from the center to periphery along the r direction. It is assumed that the surrounding medium is air, and the SPP wave is excited in right.
SIMULATION RESULTS AND DISCUSSIONS
In the following simulations, the parameters are set as follows: f = 50 THz, Γ = 0.43 meV and T = 300 K. Under the above conditions, the conductivity of graphene depends on its chemical potential from Eq. (1). Generally, the energy dissipation of a system can be evaluated by the real part of the material's conductivity. From Fig. 2 , it can be seen that when the chemical potential is low, such as less than 0.175 eV, the real part of the graphene conductivity is very large, and the loss is very large. Consequently, the surface of graphene cannot support the propagation of SPP.
In this paper, V g is 30 V, R 500 nm, ε d 3.9, and n 0 14.9 which is chosen because chemical potential is larger than 0.175 eV, in which range the device is dispersionless. The characteristics of the SPP wave propagating along the graphene surface are controlled by elaborately adjusting the thickness of the dielectric spacer underneath the graphene layer, which will produce an inhomogeneous chemical potential distribution and induce a nonuniform conductivity pattern along the graphene layer. According to above analysis, relationships of r and the imaginary part of graphene conductivity are presented in Fig. 4(a) and the relationships of r and the thickness of the spacer presented in Fig. 4(b) . The design process is realized by electron beam lithography and etching method [33, 34] .
To demonstrate the performance of the lens, the finite element method is used. Fig. 5 (a) demonstrates the z components of electric field of the TM SPP wave with the focal lengths 100, 200, 300, and 400 nm at f = 50 THz. For simplicity, it is assumed that a free-standing graphene layer is applied in free space with the spatially inhomogeneous conductivity patterns. The simulation results show that when a SPP plane wave excited from right propagates along the graphene layer, it can be transformed to a point source. The experimentally obtained electric field maps with the proposed lens are shown in Fig. 5(a) .
When the SPP plane wave propagates along the graphene from the right and converges into a point, the electric field norm will change. As a result, the performance of the proposed lens can be estimated by measuring the electric field norm at the focal line. As shown in Fig. 6(b) , the electric field norm profiles of incident wave with |E 0 | = 1 V/m are compared across the graphene sheet with the focal lengths of 100, 200, 300, and 400 nm. From Fig. 6(b) , it can be seen that when d = 100 nm, the imaginary part of the graphene conductivity is small, and the ratio of the imagine part to its real part (a) (b) is not large enough. The real part cannot be ignored; therefore, the energy is heavily dissipated across the propagating direction, and the electric field norm is less than |E 0 |, while they are much larger than |E 0 | with d = 200, 300, and 400 nm. While the imaginary part of graphene conductivity is large relative to its real part, the real part can be ignored, and the incident wave can converge into the focal area with relative low dissipation losses. In addition, the proposed lens has better performance with d = 200 nm than that with d = 100, 300, and 400 nm. The graphene-based lens can also be used to be a planar collimating lens. As we all know, an electric dipole can excite a SPP spherical wave. When an electric dipole is set at any point within the graphene-based lens, a SPP plane wave will be present in the opposite side. The electric field distribution maps are presented in Fig. 6 , when the electric dipole is located in 200 nm and −200 nm along the lateral axis.
To confirm the bandwidth, electric field data are acquired over a number of the frequencies. Electric field profiles are shown in Fig. 7 , corresponding to the frequencies 42 THz, 46 THz, 54 THz and 58 THz with d = 200 nm. Due to the refractive index distribution remains unchanged for different incident frequencies, and the proposed lens can always focus light at the same position by varying the dielectric spacer thickness h. In all cases, the beam is converged into a point area. 
SUMMARY
In conclusion, a graded index graphene-based lens with tunable focal length is proposed and investigated. The graphene conductivity can be easily tuned by changing the dielectric spacer thickness. Based on this principle, the graphene-based lens is purposely designed, and finite element simulations are performed to characterize the optical properties of the lens designed in this paper. It is found that the proposed method is practicable to design graphene-based lens with tunable focal length at different frequencies. It is also demonstrated that the proposed lens is dispersionless in a certain range. As an important application of the graphene-based lens, the field distributions are performed for different focal lengths. In addition, the lens can be used to collimate waves, and it possesses ultra-compact dimension and flexible tunability. This platform will help to shrink the size of an integrated photonic component and accelerate the speed of optical signal processing in the future.
